Introduction {#S0001}
============

The age-standardized incidence rate for malignant melanoma (MM) in Western Europe was 15.6651/100.000 in 2015.[@CIT0001] Patients with advanced tumor stages develop brain metastases (BM) in 15--55%,[@CIT0002],[@CIT0003] leading to a median survival of 2.1 months with best supportive care only.[@CIT0004] In patients with multiple BM from MM, treatment approaches include systemic therapy, whole-brain radiotherapy (WBRT), radiosurgery and eventually surgical resection, and might be used alone or in combination. Conventional WBRT for multiple BM results in a median survival of 3--4 months.[@CIT0004],[@CIT0005] In recent years, the combination of radiotherapy and immunotherapy was able to improve median overall survival (OS) from 6.2 months to 11.1 months.[@CIT0006] Furthermore, a recent trial on the anti-programmed cell death 1 protein (PD-1) checkpoint inhibitor pembrolizumab in melanoma BM showed a response rate of 26% and a median progression-free survival (PFS) and OS of 2 months and 17 months, respectively, while the combination of the anti-PD-1 checkpoint inhibitor nivolumab with the anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) monoclonal antibody ipilimumab showed a 6-month PFS of 64.2%.[@CIT0007],[@CIT0008] Likewise, data on targeted agents against B-Raf proto-oncogene (BRAF) or mitogen-activated protein kinase (MEK) mutations, for example, showed up to 39% objective response rates.[@CIT0009]

Since advances in the management of melanoma BM have significantly improved prognosis, radiotherapy-related late adverse events (AEs), especially neurocognitive decline after conventional WBRT, come into focus.[@CIT0010],[@CIT0011] The incidence and severity of neurocognitive deficits have been linked to the radiation dose to the hippocampus, which plays a major role in memory function.[@CIT0012] Modern radiation techniques allow us to reduce the dose applied to the hippocampus while maintaining target coverage.[@CIT0013],[@CIT0014] In 2014, RTOG 0933 investigated hippocampus avoidance (HA)-WBRT and showed superior preservation of patients' memory compared to historical controls.[@CIT0015] Recently, results from the NRG CC001 trial comparing HA-WBRT to conventional WBRT showed a significantly longer time to neurocognitive decline in patients treated with HA-WBRT.[@CIT0016] Furthermore, treatment plan comparisons have demonstrated HA-WBRT with simultaneous integrated boost (SIB) to be feasible.[@CIT0017],[@CIT0018] Another, yet not standard of care option for dose escalation and sparing of normal brain tissue in 10 or more BM is switching from WBRT to stereotactic radiosurgery.[@CIT0019] In addition, updated tools for prognostic assessment in BM from MM might help to better stratify patients for the different treatment approaches in the future.[@CIT0020]

We have performed a worldwide first exploratory randomized controlled trial on HA-helical tomotherapy with SIB versus conventional WBRT to determine if the approach applying HA-WBRT with SIB is feasible and safe in BM of melanoma.

Patients and methods {#S0002}
====================

Patients' characteristics {#S0002-S2001}
-------------------------

Between August 2013 and July 2017, seven patients with BM from advanced MM were enrolled. Further patients' characteristics are listed in [Table 1](#T0001){ref-type="table"}. Table 1Patients' characteristicsParameterN%Gender Male457 Female343Age, years Median49 Range44--80Time initial diagnosis to diagnosis of brain metastases, months Median21 Range1--300Count of brain metastases Median10 Range5--16Maximal size of brain metastases, mm Median14 Range7--21Intracranial hemorrhage due to brain metastases Yes343 No457Extracerebrally controlled disease Yes114 No686RPA classification 100 2686 3114ds-GPA classification 0114 1229 2457BRAF mutation Yes457 No343[^1]

Radiation treatment {#S0002-S2002}
-------------------

Patients randomized to the standard treatment arm received conventional WBRT with opposing beams applying 30 Gy in 10 fractions. Treatment in the experimental arm consisted of helical tomotherapy applying 30 Gy in 10 fractions to the whole brain and 50 Gy SIB to all BM while sparing the hippocampus to a dose as low as reasonably achievable. None of the treatment courses had to be stopped early, but two patients had treatment interruptions of 1 day each (due to technical failure in one and poor patient's condition in the other case). The median time interval between magnetic resonance imaging (MRI) of the brain and the start of radiotherapy was 17 days (range: 5--25 days).

Statistical design and classifications {#S0002-S2003}
--------------------------------------

We conducted a prospective, single-center, randomized two-arm trial. The primary endpoint was toxicity, while the secondary endpoints include imaging response, intracerebral PFS, OS and quality of life (QoL). QoL was evaluated using the European Organization for Research and Treatment of Cancer (EORTC)-QoL-Q C30 and BN-20 brain modules. All time estimates refer to the end of radiotherapy. Log-rank tests and Kaplan--Meier's estimations were carried out using Microsoft Excel and I.B.M. SPSS 25. AEs were classified according to the common toxicity criteria forAEs version 4 (CTCAE V.4). The first follow-up examination including an MRI of the brain was scheduled 8 weeks after the end of radiotherapy. Thereafter, follow-ups were conducted every 2 months up to a total of 12 months. Intracerebral imaging treatment response was defined based on RECIST 1.1 criteria as either complete remission (CR, requiring no detectable disease), partial remission (PR, tumor mass reduction of at least 30%), stable disease (SD, \<30% tumor mass reduction and \<20% growth) or progressive disease (PD). Dose homogeneity was calculated as the maximum dose divided by the prescription dose. The conformity index (CI) was calculated according to RTOG (1993) as the prescription isodose volume divided by the target volume.

The study was sponsored by the Heidelberg University Hospital and approved by the local ethics committee (S-327/2012) as well as the federal authority (Bundesamt für Strahlenschutz; Z 5-22461/2-2013-001). The trial ID was DRKS00005127. All patients provided written informed consent. This trial was conducted in accordance with the Declaration of Helsinki.

Data sharing statement {#S0002-S2004}
----------------------

Due to legal aspects of the trial protocol and patients' informed consent, sharing of study data is not possible.

The trial protocol with details on the study design, study population and the inclusion and exclusion criteria has been published previously.[@CIT0021] The inclusion and exclusion criteria are shown in [Table 2](#T0002){ref-type="table"}. The trial was designed to enroll 25 patients in each of the treatment arms and terminated early due to slow patient recruitment. Table 2Inclusion and exclusion criteriaInclusion criteria:Histologically confirmed malignant melanomaMR-imaging confirmed \>1 cerebral metastasis (in case of resection, \>1 remaining metastasis)Age ≥18 years of ageKarnofsky Performance Score ≥60For women with childbearing potential, (and men) adequate contraceptionAbility of subject to understand character and individual consequences of the clinical trialWritten informed consentExclusion criteria:Refusal of the patient to take part in the studyPrevious radiotherapy of the brainPatients who have not yet recovered from acute high-grade toxicities of prior therapiesKnown carcinoma \<5 years ago (excluding carcinoma in situ of the cervix, basal cell carcinoma, squamous cell carcinoma of the skin) requiring immediate treatment interfering with study therapyPregnant or lactating womenParticipation in another clinical study or observation period of competing trials, respectivelyMRI contraindication (ie, cardiac pacemaker, implanted defibrillator, certain cardiac valve replacements, certain metal implants)

Results {#S0003}
=======

Between August 2013 and July 2017, three patients were randomized into the standard arm and four patients into the experimental arm. The median follow-up time was 5 months (range: 1--10 months). Unfortunately, due to the small patient number, QoL measures during follow-up were limited and not analyzable. Additionally, comparative analyses between the two treatment arms were not valid for the same reason.

Dosimetric characteristics {#S0003-S2001}
--------------------------

Details on the dosimetric characteristics in the experimental arm are shown in [Table 3](#T0003){ref-type="table"}. Mean homogeneity of the SIB was 1.05 (range, 1.03--1.08) and the mean CI was 0.991 (range, 0.969--0.996). Table 3Dosimetric characteristics for 4 patients within the experimental arm applying hippocampal avoidance helical tomotherapy with simultaneous integrated boostMedianMeanMinimumMaximumWhole brain (Gy)29.9730.267.1653.15Left hippocampus (Gy)8.779.247.0418.53Right hippocampus (Gy)8.528.936.9718.91Cumulative simultaneous integrated boost (Gy)50.2350.2145.4350.18Cumulative Boost volume (ccm)8.938.454.4711.46

Adverse events {#S0003-S2002}
--------------

None of the patients were diagnosed with CTCAE grade 3 or 4 toxicities related to the study treatment during treatment or follow-up. One patient had fatigue CTCAE grade 2, an increase of preexisting headache from CTCAE grade 1 to 2 at the end of treatment as well as neurological deterioration including vomiting, cranial nerve and motor deficits most likely caused by his preexisting leptomeningeal spread. Other patients in the experimental arm reported the following symptoms at the end of treatment: nausea CTCAE grade 1 (n=1), fatigue CTCAE grade 1 (n=2), alopecia CTCAE grade 2 (n=1) and dermatitis CTCAE grade 2 (n=1). In the standard arm, one patient reported nausea CTCAE grade 1 and vomiting CTCAE grade 1. Of 3 patients reporting their clinical situation at the first follow-up, all in the experimental arm, 1 patient had stable headache CTCAE grade 1 and improved dermatitis CTCAE grade 1. One other patient reported dermatitis CTCAE grade 2 and mild concentration deficits. One other patient diagnosed with intracranial progression reported a new onset of nausea, vomiting, epilepsy and paresis, CTCAE grade 1 each.

Survival {#S0003-S2003}
--------

The median OS was 5 months (range: 1--10 months, [Figure 1](#F0001){ref-type="fig"}). The 6-month OS rate for the entire cohort was 43%. The median OS for men was 5 months and 4 months for women. The median OS for patients with recursive partitioning analysis (RPA) class 2 and 3 was 4 and 5 months, respectively. For diagnosis, specific graded prognostic assessment (ds-GPA) scores 0, 1 and 2 median OS were 5, 1 and 7 months, respectively. The median OS for radiotherapy within the experimental arm was 5 months versus 4 months within the standard arm. The median OS of patients with intracerebral progression at the first follow-up was 4 months and in the two cases with at least intracerebral SD at the first follow-up, median OS was 5 months. Cause of death was pulmonary embolism in 1 case and tumor progression in all other cases. One of the patients dying 1 month after finishing radiotherapy within the experimental arm developed leptomeningeal spread and systemic tumor progression with a steady decline of his general condition. One other patient with a 1-month survival was diagnosed with intracerebral tumor progression 3 weeks after ending WBRT in the standard arm. All except one patient received different systemic therapies for PD after the trial (dacarbazine n=2, dabrafenib/trametinib n=3, pembrolizumab n=1, nivolumab/ipilimumab n=1, carboplatin/paclitaxel n=1, benzamide n=1). Figure 1Overall survival of all 7 patients treated within the trial protocol.

At the first follow-up, one patient had intracerebral PR, one other patient showed intracerebral SD, all others intracerebral PD. The two patients with at least an intracerebral SD after the study treatment were both treated in the experimental arm. All but one patient had systemic progression. The median intracerebral PFS time in the whole cohort was 2 months (range, 0--5 months) and 2 months in each of the two study arms, respectively. The local control in every individual melanoma BM was significantly longer in the experimental versus the standard arm (median control: 2.1 months versus 1.7 months; *p*=0.002; log-rank; [Figure 2](#F0002){ref-type="fig"}). Further details on the treatment outcome are shown in [Table 4](#T0004){ref-type="table"}. Table 4Treatment outcome of all 7 patients enrolled into the study protocolOutcomeFirst follow-upSecond follow-upThird follow-upN%N%N%**Intracerebral tumor control** Yes2\*29114114 No457343114**Systemic tumor control** Yes11411400 No571343229[^2] Figure 2Local control of every individual melanoma brain metastasis in the standard WBRT arm (n=31) versus experimental HA-WBRT with SIB arm (n=32). **Abbreviations:** WBRT, whole brain radiotherapy; HA-WBRT, hippocampus avoidance whole brain radiotherapy; SIB, simultaneous integrated boost

Discussion {#S0004}
==========

Our study's intention was to evaluate the safety and feasibility of HA-WBRT with SIB in a prospective, single-institution, randomized Phase II trial. The trial was terminated early due to slow patient recruitment caused by competing pharmaceutical trials as well as a trend toward upfront radiosurgery even in patients with multiple BM. Unfortunately, due to the small patient number, comparative analyses were not possible.

Advances in systemic therapy like immunotherapy and targeted therapies promise improved outcomes in patients with BM from MM.[@CIT0022] In a recent trial on nivolumab combined with ipilimumab, an intracranial clinical benefit rate of 57% was reported, while 55% developed grade 3 and 4 AE and 1 patient showed grade 5 AE. The reported 6-month PFS and OS were promising with 64.2% and 92.3%, respectively.[@CIT0008] In addition, a recent trial on pembrolizumab in melanoma BM showed a response rate of 26% and a PFS of 2 months (median OS 17 months),[@CIT0007] which is comparable to the PFS in both of the study arms in this trial. Recent trials suggest that the combination of immunotherapy and radiotherapy improves the prognosis in melanoma BM. In the analysis by Gabani et al on radiotherapy and immunotherapy in melanoma BM, for example, the combination of immunotherapy and WBRT improved the OS from 4.4 months in WBRT only to 8.5 months in the combined approach.[@CIT0006]

Recent developments in radiotherapy techniques might be helpful to further improve the outcome of patients diagnosed with BM from MM. In 2012, Dana Greene-Schloesser et al reviewed data on radiation-induced brain injury and concluded in their summary that up to 90% of brain tumor patients surviving more than 6 months after fractionated WBRT develop radiation-induced neurocognitive impairment.[@CIT0023] In addition, recent reports on radiation effects in the brain suggest an increased vulnerability not only of the hippocampus, but also of the corpus callosum and the white matter in general.[@CIT0024],[@CIT0025] In case of WBRT sparing of the hippocampus to doses as low as reasonably achievable might improve neurocognitive outcome as seen in RTOG 0933.[@CIT0015] In conventional WBRT, the hippocampi receive the same dose as the surrounding brain tissue -- for example, in the case of a homogeneous dose distribution of median 30 Gy in 10 fractions. In our experimental arm, the median doses to the left and right hippocampi were 8.77 Gy and 8.52 Gy, respectively. The minimum doses to the left and right hippocampi were 7.04 and 6.97 Gy and the maximum doses 18.53 and 18.91 Gy, respectively. This dose reduction is comparable to previous reports, for example, by Awad et al, where the authors reported a significantly lower minimum (8.4 Gy), maximum (32.2 Gy) and mean dose (20.4 Gy) to the hippocampus in hippocampus-sparing volumetric modulated arc therapy (VMAT) applying 30 Gy in 15 fractions with a SIB of 50 Gy.[@CIT0026] Furthermore, advances in stereotactic radiosurgery allowing multitarget treatments might further improve clinical and oncological outcome in patients with multiple BM.[@CIT0019],[@CIT0027] In the analysis by Fiorention et al on radiosurgery in less than 5 BM the ipsilateral hippocampus dose was as low as 1.54 Gy, and the contralateral dose 0.7 Gy while applying total doses of 15--30 Gy to the BM in 1--5 fractions.[@CIT0028]

In our trial, the oncological outcome was poor with a median OS of 5 months. However, this is in line with previously published data. In the cohort of Ostheimer et al, the reported median OS times for patients with multiple BM from MM were around 2.5 months despite systemic and local treatment and as short as 1.5 months with best supportive care only.[@CIT0029] In a recent analysis by Frinton et al, OS was 4.8 months from the diagnosis of BM and 2.2 months in patients receiving WBRT only.[@CIT0030] Our own previously published data had shown a median OS of 3.5 months in patients treated with WBRT and a relatively improved outcome with a higher irradiation total dose.[@CIT0005] Known prognostic parameters include the number of BM and extracerebral metastases. In our trial, 6 of the enrolled patients had unfavorable disease with uncontrolled extracerebral metastases and all 7 patients had multiple BM. In comparison, with a median OS of 5 months in both arms, this trial's results compare favorably to prior publications despite an unfavorable prognostic situation. However, they might be biased by advances in systemic therapies in the last years. In addition, the time interval of median 17 days between brain MRI and start of radiotherapy might negatively bias the outcome in our cohort in terms of tumor progression prior to study treatment.

Previously published reports suggest that dose-escalated radiotherapy might improve patient outcomes. In the Australian cohort reported by Awad et al using VMAT to apply hippocampal avoidance WBRT to 30 Gy in 15 fractions and a SIB to 50 Gy to median two BM, the median OS was 9.4 months.[@CIT0026] In addition, in a recent analysis on radiation techniques in BM from various tumors, Dobi et al reported dose-escalated radiotherapy to be able to improve survival in patients with BM from MM from 3.2 months after WBRT only to 6.5 months after dose-escalated treatment.[@CIT0031] In accordance to those prior publications, the analysis of the imaging response in every individual BM in the standard versus experimental arm in our trial revealed the SIB in the experimental arm to result in a significantly improved local control of the individual BM. However, the favorable outcome achieved in the Australian cohort might be the result of a different patient selection (considering median 2 BM versus median 10 BM in our cohort).

Overall, the treatment was tolerated well. None of our patients was diagnosed with radiation-associated AE CTCAE grade 3 or 4, which is in accordance with the data by Awad et al[@CIT0026].

Conclusion {#S0005}
==========

Hippocampus-sparing WBRT with simultaneous integrated boost is feasible and results in improved local control in the individual melanoma brain metastases. In our study, no radiation associated high-grade toxicities were documented and the treatment was tolerated well. The survival was comparable to prior published data.
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[^1]: **Abbreviations:** BRAF, B-Raf proto-oncogene; ds-GPA, diagnosis-specific graded prognostic assessment score; RPA, recursive partitioning analysis.

[^2]: **Notes:** One patient died prior to the first follow-up due to systemic tumor progression. \*Includes one patient with intracerebral stable disease and one with intracerebral partial remission.
